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Summary
The mitotic microtubule array plays two primary roles
in cell division. It acts as a scaffold for the congression
and separation of chromosomes, and it specifies and
maintains the contractile-ring position. The current
model for initiation of Drosophila and mammalian cy-
tokinesis [1–5] postulates that equatorial localization
of a RhoGEF (Pbl/Ect2) by a microtubule-associated
motor protein complex creates a band of activated
RhoA [6], which subsequently recruits contractile-
ring components such as actin, myosin, and Anillin
[1–3]. Equatorial microtubules are essential for contin-
ued constriction, but how they interact with the con-
tractile apparatus is unknown. Here, we report the first
direct molecular link between the microtubule spindle
and the actomyosin contractile ring. We find that the
spindle-associated component, RacGAP50C, which
specifies the site of cleavage [1–5], interacts directly
with Anillin, an actin and myosin binding protein
found in the contractile ring [7–10]. Both proteins
depend on this interaction for their localization. In
the absence of Anillin, the spindle-associated RacGAP
loses its association with the equatorial cortex, and
cytokinesis fails. These results account for the long-
observed dependence of cytokinesis on the continual
presence of microtubules at the cortex.
Results and Discussion
Live imaging of tagged Anillin and RacGAP revealed that
they accumulate rapidly at the equatorial cortex and, in
the case of RacGAP, on the central spindle in early ana-
phase (Movies S1 and S2 available online). At the onset
of constriction, RacGAP was found in discrete short lon-
gitudinal stripes across the equator, which we have
previously shown to be the site of bundles of astral mi-
crotubules [1, 11], as well as on interpolar microtubules
*Correspondence: robert.saint@anu.edu.au(Figures 1E and 1H). Anillin was not seen internally at any
stage, being restricted to a cortical ring (Figure 1D). The
equatorial RacGAP was seen to abut with Anillin (Fig-
ures 1F and 1I), although Anillin was also found between
the stripes of RacGAP.
To test whether the juxtaposition of RacGAP with
Anillin reflected a molecular interaction, we used fluo-
rescence resonance energy transfer (FRET) by acceptor
photobleaching [12], which detects very tightly apposed
proteins (<10 nm) and correlates well with high-affinity
direct interaction [13]. To test the assay system, we first
showed that we could detect FRET between actin and
Anillin, which are known to interact. Figures 2A–2C
show that a significant increase in Anillin signal was
observed when the actin marker was photobleached, in-
dicating for the first time that this known biochemical
interaction [7] can be detected in situ. We then used
antibodies directed against Anillin and RacGAP to deter-
mine whether they would produce a similar FRET signal.
As shown in Figures 2D–2F, Anillin also gave a significant
FRET signal with RacGAP, suggesting that the two pro-
teins are in extremely close proximity during cytokine-
sis. No significant difference in the RacGAP-Anillin
FRET signal was observed between early-constricting
anaphase cells, midconstriction telophase cells, and
compact midbodies present at the terminal stage of cy-
tokinesis, (one-way analysis of variance [ANOVA] p >
0.2, n = 12, 24, 11), indicating that the association per-
sists throughout cytokinesis.
It was possible that a FRET signal might be detected
between any two proteins found in the contractile ring
simply because of high local concentrations and pack-
ing. However, no FRET signal was observed with Rac-
GAP antibodies and phalloidin-stained actin (Figures
2G–2I), despite the fact that both give strong staining
in the contractile ring. Finally, it was possible the FRET
signal could just reflect crossreactivity of the secondary
antibodies rather than the proximity of RacGAP. To
exclude this possibility, we repeated the Anillin-RacGAP
experiments in the absence of a RacGAP primary anti-
body and saw minimal FRET signal (Figures 2J–2L).
Quantitation of the FRET signal shows that the Rac-
GAP-Anillin interaction is highly statistically significant
(p < 0.001) and is comparable with that seen between
Anillin and actin (Figure 2M), representing a clear and
reproducible bimolecular interaction.
A direct interaction between Anillin and RacGAP was
confirmed by yeast two-hybrid assay. RacGAP was
found to interact with full-length Anillin via amino acids
83 to 309, whereas deletion of amino acids 245 to 311
of RacGAP abolished interaction with Anillin (Figure 3).
The N-terminal half of Anillin did not interact with any
RacGAP constructs. Specific RacGAP deletions known
to abolish Pebble or MKLP binding [1] did not affect
the interaction with Anillin.
To test whether Anillin is required for RacGAP locali-
zation, we followed tagged RacGAP in proliferating
larval cells expressing double-stranded RNA (dsRNA)
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26Figure 1. Anillin and RacGAP Abut during Cytokinesis
In dividing larval brain cells, images were taken in the plane of the spindle poles, apart from (D)–(F), which show a cross-section at the equator.
(A), (D), (G), and (J) show anti-Anillin staining; (B), (E), (H), and (K) show anti-RacGAP; and (C), (F), (I), and (L) show merged images with Anillin in
green, RacGAP in red, and DNA in blue. At metaphase, both Anillin (A) and RacGAP (B) are cortically localized (A–C). At the onset of cytokinesis
(D–I), Anillin is found in a continuous ring around the equator (D), whereas RacGAP is found in equatorial (arrows) and interpolar bundles (arrow-
head) (E). At telophase, both Anillin (J) and RacGAP (K) are found in the constricted furrow. The scale bar represents 5 mm.to remove Anillin. In fixed brain cells lacking detectable
Anillin, RacGAP was found transiently at the equator
and in the central spindle in early anaphase (Figure 4D)
but in late anaphase was only seen in the interpolar re-
gion (Figure 4G). Some dsRNA interference (dsRNAi)-
treated cells that retained detectable amounts of Anillin
showed Anillin localization to small stretches near the
equator, and in these cells RacGAP was also found in
these locations (Figure 4J). Of the dividing cells that
lacked any detectable Anillin, 16 of 18 had already
clearly failed cytokinesis; the remaining two were still
in early anaphase. This is consistent with Anillin RNAi
causing a cytokinesis failure in 21 of 25 imaged HeLa
cells [10] and giving a multinucleate cell frequency of
over 80% in S2 cells [14], though this is lower in Kc167
or HeLa cells [8, 10]. All telophase cells that lacked
detectable Anillin also lacked equatorial RacGAP; con-
versely, all cells with detectable equatorial Anillin also
retained equatorial RacGAP.
These results suggested that the equatorial RacGAP
required Anillin to maintain contact with the cortex. To
test this, we followed tagged RacGAP in live cells
depleted for Anillin. As expected from the fixed tissue,
we saw RacGAP at the equatorial cortex and central
spindle at the onset of cytokinesis (Movies S3 and S4),suggesting that the initial localization mechanism was
unaffected. As constriction of the ring began, however,
we observed loss of equatorial RacGAP from the cortex,
concomitant with the collapse of furrowing.
In previous work, we have shown that initiation of con-
tractile-ring formation is dependent on a complex
between RacGAP, the Rho activator Pebble, and the
plus-end-directed microtubule protein Pav-KLP, which
accumulates at the equatorial cortex during anaphase
[1, 11]. Here, we report another crucial interaction involv-
ing RacGAP, this time relating to the stability of the
contractile ring once its position has been set by equa-
torial microtubules. We expected that there must be
some link between the microtubule-bound positioning
complex and the cortical ring, made of cytoskeletal
polymers like actin, myosin, and septins. Previous
models proposed that this link is through activated
Rho: equatorial RacGAP bringing Pebble to activate
Rho, which then recruits the actomyosin contractile
apparatus via Diaphanous and Rho-dependent kinases.
However, this model does not explain why a newly
formed ring remains where it began unless there is
something structurally connecting the nascent ring to
the spindle. In fact, the relationship between the position
of microtubules and the ring is extremely robust, as
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27Figure 2. Anillin and RacGAP Interaction Revealed by FRET Analysis
Embryonic epidermal cells in telophase show the FRET donor fluorophore in green, the FRET acceptor fluorophore in red, and DNA in blue.
(A–C) Anillin, tagged with Alexa488-labeled secondary antibodies (green), and actin, tagged with Rhodamine-Phalloidin (red), are both found in
the contractile ring (A). After the acceptor is bleached (Rhodamine), the red signal is eliminated (B) and a strong FRET signal is seen (C).
(D–F) Anillin (CY3, green) and RacGAP (CY5, red) show colocalization (D) and, after acceptor bleaching (E), a clear FRET signal in the contractile
ring (F).
(G–I) Not all colocalizing proteins show FRET: Actin (Alexa488, green) and RacGAP (Rhodamine, red) colocalize in the ring (G), but bleaching of
the acceptor (H) results in no FRET signal (I).
(J–L) The same staining as (D) but without the anti-RacGAP primary antibody shows no visible red crossreactivity (J), and acceptor bleaching (K)
shows that crossreactivity (L) cannot account for the FRET signal seen in (F). The scale bar represents 5 mm.
(M) Quantitation of the mean FRET signal in the ring is shown for each protein pair as means with 95% confidence interval (CI); the number of rings
analyzed is shown in parentheses.demonstrated by classic manipulation experiments [15,
16]. Furthermore, inhibitor studies have shown that an
ongoing interaction between microtubules and the cor-
tex is critical for cytokinesis to proceed [17–19]. Here,
we present the first structural connection between the
actin-based ring and the microtubule based positioning
mechanism that can explain their relationship. RacGAP,
localized to the equatorial microtubules by Pav-KLP, in-
duces contractile-ring formation via Pebble activation of
Rho and then anchors the forming contractile ring by
binding Anillin, which binds both myosin and actin(Figure S1). We anticipate that this link ensures not
only the stable localization of the ring but also the con-
tinued delivery of Rho-activating signals by the Rac-
GAP-linked RhoGEF Pebble [1].
In the absence of Anillin, phenotypes such as ring slip-
page have been observed [8] that are strikingly similar to
those seen when microtubules are removed [17], consis-
tent with our model for its role in attaching the ring to
cortical microtubules so that the cleavage position is
dictated by the spindle. The loss of Anillin phenotype
we have described, in which RacGAP is found only on
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[10]. RacGAP and Pav-KLP are normally found on equa-
torial microtubules [20], and this localization is critical
for cytokinesis, at least in Drosophila [11]. Evidence
from vertebrate cells indicates that contractile-ring
formation is similarly dependant on cortical RacGAP
[2]. Recent evidence for the role for cytokinesis failure
in the generation of aneuploid cells and the promotion
of tumorigenesis [21] and the strong conservation of
the Anillin sequence across phyla suggests that this
newly discovered link between centralspindlin and the
contractile ring is likely to be broadly significant.
Experimental Procedures
FRET
Acceptor photobleaching was carried out essentially as described in
[12]. The FRET signal (increase in signal postbleach) was determined
by the subtraction of the pre- from postbleach donor image. For the
quantitation of FRET levels, each ring was selected and the average
intensity in that region was compared on the aligned pre- and post-
bleach images. Multiple rings from at least three independent exper-
iments were tested so that reproducibility could be ensured. The
statistical significance of differences between the means of protein
pairs was tested with the nonparametric Mann-Whitney test
(unpaired, two tailed, n indicated on Figure 2M, p < 0.001 for both
tests).
Live Imaging
For live imaging, third-instar larval brains were dissected in halocar-
bon oil and spread on a coverslip as described in [22]. Images of
dividing cells expressing Venus-tagged RacGAP were acquired
every 20 s on a Zeiss Axioplan 2 upright microscope with Semrock
Brightline cyan (CFP), green (GFP), or yellow fluorescent protein
(YFP) filter sets with a 633 PlanApo (numerical aperture [n.a.] 1.4)
objective.
Yeast Two-Hybrid Assays
The yeast two-hybrid vectors pVP16 and pLexA-NLS [23] were used
in strain L40 (MATa his3D200 trp1-901 leu2-3112 ade2 LYS::-
(lexAop)4–HIS3 URA3::(lexAop)8-lacZ GAL4 gal80) as previously
Figure 3. Yeast Two-Hybrid Assays Identify the Regions of RacGAP
and Anillin That Interact
Truncations of RacGAP carrying the indicated amino acids were
tested with full-length or amino acids 517–1212 of Anillin. Anillin
binds a region of RacGAP contained in amino acids 83–309 and
that is removed by deletion of 245–311. The interaction is unaffected
by removal of the Pebble- or Pav-KLP-binding domains in RacGAP.
The C1 and GAP domains in RacGAP and the N-terminal half of
Anillin did not show any interactions.described [1]. Interactions were tested by lacZ filter assay according
to the Breeden lab protocol (http://www.fhcrc.org/science/labs/
breeden/Methods/b-GAL_filterassay.html). Full-length Anillin in
pLexA gave a low level of background LacZ activity, so all interac-
tions with this construct were compared to the signal seen with an
empty pVP16 vector. The N- and C-terminal Anillin construct con-
tained amino acids 1–643 and 517–1212, respectively. The RacGAP
deletion constructs contained the amino acids indicated in Figure 3.
Supplemental Data
Experimental Procedures, one figure, and three movies are available
at http://www.current-biology.com/cgi/content/full/18/1/25/DC1/.
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